The E2F1 transcription factor regulates the expression of genes involved in cell proliferation, apoptosis and DNA repair. Following DNA damage, E2F1 is phosphorylated and stabilized, but the physiological role of E2F1 in the response to DNA damage is unclear. We find that mice lacking E2F1 have increased levels of epidermal apoptosis compared to wild-type mice following exposure to ultraviolet B (UVB) radiation. Moreover, transgenic overexpression of E2F1 in basal layer keratinocytes suppresses apoptosis induced by UVB. Inhibition of UVB-induced apoptosis by E2F1 is unexpected given that most studies have demonstrated a proapoptotic function for E2F1. E2F1-mediated suppression of apoptosis does not involve alterations in mitogen-activated protein kinase activation or Bcl-2 downregulation in response to UVB and is independent of p53. Instead, inhibition of UVBinduced apoptosis by E2F1 correlates with a stimulation of DNA repair. Mice lacking E2F1 are impaired for the removal of DNA photoproducts, while E2F1 transgenic mice repair UVB-induced DNA damage at an accelerated rate compared to wild-type mice. These findings suggest that E2F1 participates in the response to UVB by promoting DNA repair and suppressing apoptosis.
Introduction
The E2F family of transcription factors regulates the expression of genes involved in proliferation, apoptosis and DNA repair (Wang et al., 1999; Polager et al., 2002; Ren et al., 2002) . E2F activity is composed of a heterodimer between an E2F polypeptide (E2F1-6) and a DP polypepetide (DP1 or DP2/3). A recently revealed E2F family member, E2F7, does not dimerize with a DP and its role in E2F-dependent transcriptional regulation is unclear (de Bruin et al., 2003; Di Stefano et al., 2003) . In addition to activating transcription, E2F can also repress transcription and this can, but does not always, involve association of E2F with the retinoblastoma (Rb) tumor suppressor protein or the Rb-related p107 and p130 proteins. Rb, p107 and p130, binds to the C-terminal activation domain of E2F family members and can recruit transcriptional corepressors, such as HDAC1, to the promoters of E2F target genes. Recent studies are revealing a dynamic picture for transcriptional control by E2F, where different E2F and Rb family members can associate with different gene promoters under different cellular conditions.
Inactivation of Rb, and subsequent deregulation of E2F transcriptional activity, leads to uncontrolled cellular proliferation and an increased propensity to undergo apoptosis (Pan et al., 1998; Tsai et al., 1998) . Likewise, overexpression of E2F1, E2F2, E2F3 and, to a lesser extent, E2F4 can induce quiescent cells to enter the S phase of the cell cycle and proliferate (DeGregori et al., 1997; Dirks et al., 1998) . The role of the different E2Fs in mediating apoptosis is less clear. Some studies suggest that only E2F1 can efficiently induce apoptosis, while other studies suggest that E2F3, and perhaps E2F2, can also induce apoptosis (DeGregori et al., 1997; Dirks et al., 1998; Kowalik et al., 1998; Ziebold et al., 2001; Saavedra et al., 2002) . The genes that E2F directly regulates to promote apoptosis include multiple members of the caspase family, Apaf1, p73, PKR and Mcl1 (Wang et al., 1999; Irwin et al., 2000; Stiewe and Putzer, 2000; Moroni et al., 2001; Croxton et al., 2002; Nahle et al., 2002; Vorburger et al., 2002) . Moreover, we and others have recently demonstrated that E2F1-induced apoptosis in primary human and mouse fibroblasts requires several DNA damage checkpoint proteins including ATM, NBS1 and Chk2 (Powers et al., 2004; Rogoff et al., 2004) .
Various forms of DNA damage, as well as some other cellular stresses, lead to the stabilization and accumulation of E2F1 (Blattner et al., 1999; Hofferer et al., 1999; Lin et al., 2001) . Enhanced E2F1 protein stability induced by DNA damage correlates with the phosphorylation of E2F1 at serine 31 (S31), a site not conserved in other E2F family members (Lin et al., 2001) . In response to agents that cause DNA double-strand breaks, phosphorylation at S31 is mediated by the ATM kinase, while in response to ultraviolet (UV) radiation, the ATR kinase is responsible for this phosphorylation event. Phosphorylation of E2F1 at S31 creates a binding motif for one of the BRCA1 carboxylterminal domains of DNA topoisomerase IIb binding protein 1 (TopBP1) (Liu et al., , 2004 . Binding of E2F1 to TopBP1 appears to recruit E2F1 to BRCA1-containing foci following DNA damage . In response to double-strand breaks, but not UV light-induced DNA damage, E2F1 also becomes acetylated at multiple residues in its DNA-binding domain by the P/CAF acetyltransferase (Pediconi et al., 2003; Ianari et al., 2004) . This stabilizes E2F1 and promotes E2F1 binding to the p73 gene promoter, which results in the activation of p73 transcription (Pediconi et al., 2003; Ianari et al., 2004) . It has also been demonstrated that human E2F1 is phosphorylated at serine 364 (S364) by the Chk2 kinase in response to DNA damage, and that this contributes to E2F1 protein stabilization (Stevens et al., 2003) . However, S364 is not conserved in murine E2F1 and it is not clear whether Chk2 phosphorylates murine E2F1 or contributes to its stabilization following DNA damage.
Exposure to UV sunlight in the ultraviolet A (UVA) (320-400 nm) and ultraviolet B (UVB) (280-320 nm) wavelengths is responsible for the development of skin cancer in humans and this has been confirmed in mice (Brash et al., 1991; Berg et al., 1993; Kanjilal et al., 1993; Ziegler et al., 1994; de Gruijl and Forbes, 1995) . The major DNA lesions caused by UVA and UVB, the cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) pyrimidone dimer (6-4)PD, are removed by the nucleotide excision repair (NER) pathway. NER consists of two subpathways, global genome repair (GGR) and transcription coupled repair (TCR) (reviewed in van Steeg and Kraemer, 1999; Cleaver, 2000; Friedberg, 2001; Hoeijmakers, 2001) . GGR is responsible for the removal of lesions from the entire genome, whereas TCR preferentially repairs damage on the actively transcribed strand of DNA to avoid interfering with transcription and stalling of RNA polymerase II. Failure to properly repair DNA damage results in mutations that impair cell function and eventually lead to cancer. This is evident in humans with the rare autosomal recessive disease Xeroderma pigmentosum (XP), which is caused by inheritance of mutations in one of seven complementation groups involved in NER, XPA-G, and a variant group, XPV (van Steeg and Kraemer, 1999; Cleaver, 2000; Friedberg, 2001; Hanawalt, 2002) . XP is characterized by extreme sensitivity to UV light, resulting in advanced degenerative changes on sun-exposed areas of the skin and eyes and a high predisposition to cancer. Deletion of NER genes in experimental animals that are then subjected to UV carcinogenesis protocols has corroborated these findings, demonstrating that NER is a primary defense against UV-induced cancer (de Vries et al., 1995; Nakane et al., 1995; Sands et al., 1995; Berg et al., 2000) .
Epidermal keratinocytes that receive excessive UVinduced DNA damage undergo apoptosis, which results in the formation of morphologically characteristic sunburn cells (SBC). An inverse correlation between DNA repair efficiency and apoptosis has been observed.
Mice lacking NER genes have a higher amount of UVBinduced apoptosis than their wild-type siblings (Washio et al., 1999; Berg et al., 2000; van Oosten et al., 2000; Brash et al., 2001; Dunkern et al., 2001) . The p53 tumor suppressor plays an important role in mediating UVinduced apoptosis. This is illustrated by the finding that mice lacking p53 are significantly impaired for UVinduced apoptosis (Ziegler et al., 1994) . However, in cells deficient in DNA repair, apoptosis induced by UV is independent of p53 (McKay et al., 2001) .
The majority of evidence implicating E2F1 in the cellular response to DNA damage has been obtained in vitro. Here, we show that E2f1 null mice have increased levels of UVB-induced epidermal apoptosis compared to wild-type mice, while transgenic mice overexpressing E2F1 in the epidermis have reduced levels of UVBinduced apoptosis. This antiapoptotic activity of E2F1 correlates with the ability of E2F1 to stimulate the removal of DNA photoproducts in the epidermis following UVB irradiation. These data demonstrate that E2F1 plays a physiological role in the response to UVB-induced DNA damage by stimulating DNA repair and suppressing apoptosis.
Results

E2F1 is elevated in response to UVB radiation in vivo
A number of studies have shown that the E2F1 protein is stabilized following exposure of cells to a variety of DNA-damaging agents including UV radiation, ionizing radiation (IR) and chemotherapeutic drugs like etoposide, adriamycin and cisplatin (Huang et al., 1997; Blattner et al., 1999; Hofferer et al., 1999; Meng et al., 1999; O'Connor and Lu, 2000; Lin et al., 2001; Stevens et al., 2003) . The kinetics of E2F1 induction differs depending on the damaging agent and is similar to the kinetics of p53 stabilization in response to these same agents (Blattner et al., 1999; O'Connor and Lu, 2000; Stevens et al., 2003) . In particular, E2F1 protein levels have been shown to increase between 3 and 6 h after UV exposure in several different cell lines (Huang et al., 1997; Blattner et al., 1999; Stevens et al., 2003) . However, these previous studies have not examined E2F1 induction in vivo and have used UVC wavelengths that do not normally penetrate the atmosphere. To determine if E2F1 is elevated under physiological conditions, SKH hairless mice, a well-characterized animal model for UV exposure studies, were treated with a suberythemal dose of UVB and epidermal protein was harvested at different time points after exposure. UVB irradiation elevated E2F1 protein levels in mouse epidermis by 4 h after exposure and this persisted for up to 18 h (Figure 1 ).
E2F1 suppresses UVB-induced apoptosis
The finding that E2F1 protein levels increase following exposure of mouse epidermis to UVB radiation gives further support to the idea that E2F1 plays a role in the E2F1 promotes repair of UV-induced DNA damage TR Berton et al response to DNA damage. To determine if E2F1 might regulate apoptosis in response to UVB-induced DNA damage, an E2f1 null allele (Yamasaki et al., 1996) was backcrossed into the SKH hairless mouse strain and E2f1 knockout mice were generated. E2f1 À/À and wildtype siblings were exposed to increasing doses of UVB radiation and skin samples were taken 24 h later to assess the number of apoptotic SBC. The epidermis from E2f1 À/À mice had significantly more apoptotic SBC than wild-type epidermis at the lower doses of UVB (Figure 2a ). To confirm these results, the same skin samples were immunostained for the activated form of caspase-3 as a marker of apoptosis. Again, E2f1 À/À mice were found to have significantly more caspase-3-positive cells compared to wild-type mice following exposure to the lower doses of UVB (Figure 2b ). This finding confirms a recent report that also found E2f1 À/À mice in a different strain background to have a greater apoptotic response to UVB than wild-type mice (Wikonkal et al., 2003) .
The finding that endogenous E2F1 appears to suppress apoptosis in response to UVB radiation is surprising given the many studies demonstrating that E2F1 promotes apoptosis (Wu and Levine, 1994; Kowalik et al., 1995 Kowalik et al., , 1998 Pan et al., 1998; Tsai et al., 1998; Cleaver, 2000; Irwin et al., 2000; Stiewe and Putzer, 2000; Lin et al., 2001; Vorburger et al., 2002; Powers et al., 2004; Rogoff et al., 2004) . Indeed, we have found that transgenic mice overexpressing E2F1 under þ / þ (wild-type) and E2f1 À/À (6-8 weeks old) mice were irradiated with the indicated doses of UVB. Unirradiated and UVB-irradiated mice were killed 24 h post-treatment. Skin sections were stained with hematoxylin and eosin and the number of SBC was counted in 10 mm of epidermis from four mice for each group. (b) Skin sections from the same mice as in (a) were immunohistochemically stained for activated caspase-3 and the number of positive interfollicular keratinocytes was counted in 10 mm of epidermis from four mice for each group. (c) Wild-type and K5 E2F1 transgenic (6-8 weeks old) mice were UVB irradiated with the indicated doses and killed 24 h post-treatment. Skin sections were stained with hematoxylin and eosin and the number of SBC was counted as above. (d) Skin sections from the same mice as in (c) were immunohistochemically stained for activated caspase-3 and counted as above. *Statistical significance at Po0.01 between genotypes treated similarly as determined by analysis of variance E2F1 promotes repair of UV-induced DNA damage TR Berton et al the control of a keratin 5 (K5) promoter have low levels of aberrant apoptosis in the epidermis (Pierce et al., 1998b; Wang et al., 2000; Russell et al., 2002) . To further support the finding that E2F1 suppresses UVBinduced apoptosis, K5 E2F1 transgenic mice in the SKH background were exposed to increasing doses of UVB radiation. Skin samples were taken 24 h postirradiation and examined for SBC and caspase-3 staining. Although we observed a dose-dependent increase in the number of UVB-induced SBC in K5 E2F1 transgenic epidermis, the levels of SBC were significantly lower than the number of SBC in the epidermis of wild-type siblings ( Figure 2c ). The suppression of UVB-induced apoptosis by transgenic expression of E2F1 was confirmed by examining activated caspase-3 in skin samples. Consistent with our previous reports (Pierce et al., 1998b; Wang et al., 2000; Russell et al., 2002) , K5 E2F1 transgenic mice displayed a significant increase in the number of caspase-3-positive cells in untreated epidermis compared to wild-type mice (2D). The number of caspase-3-positive cells was also higher in K5 E2F1 transgenic epidermis compared to wild-type epidermis after exposure to a low dose of UVB. However, at higher doses of UVB, transgenic expression of E2F1 suppressed the number of caspase-3-positive epidermal keratinocytes. These findings demonstrate that while E2F1 overexpression in mouse epidermis leads to a low level of aberrant apoptosis, it suppresses UVB-induced apoptosis.
Increased sensitivity to UVB-induced apoptosis in E2f1
À/À mice is independent of p53 Previous studies have shown that p53 plays a critical role in the apoptotic response to UVB radiation (Ziegler et al., 1994) . It has also been demonstrated that E2F1 can inhibit the activity of p53 (O'Connor et al., 1995; Lee et al., 1998; Nip et al., 2001) . This suggests that E2F1 could suppress UVB-induced apoptosis by inhibiting the activity p53. To determine if endogenous E2F1 might inhibit p53 induction in response to UVB radiation, immunohistochemical staining for p53 was performed on skin samples from E2f1 À/À mice and wildtype sibling controls that were treated with UVB. As shown in Figure 3a , the epidermis of E2f1 À/À and wildtype mice had similar numbers of cells that were immunopositive for p53 following UVB radiation. Furthermore, the number of epidermal keratinocytes immunopositive for p53 phosphorylated on serine 18 (corresponding to serine 15 in human p53) was also similar between E2f1 À/À and wild-type mice ( Figure 3b ). Following UV irradiation, the level of serine 18 phosphorylated p53 in the epidermis was also similar between wild-type and E2f1 À/À mice by Western blot analysis, while K5 E2F1 transgenic mice had slightly Figure 3 Increased sensitivity to UVB-induced apoptosis in E2f1
À/À (6-8 weeks old) mice were untreated or irradiated with 100 mJ/cm 2 of UVB. Irradiated mice were killed 3 h post-treatment. Skin sections were immunohistochemically stained with anti-p53 antisera and the number of p53-positive cells were counted in 10 mm of epidermis from four mice for each group. (b) The same untreated and 3 h post-treatment skin sections as in (a) were immunohistochemically stained with antisera specific for phosphorylated p53 (S18) and counted as above. (c) Mice that were null (lanes 1 and 4), wild type (lanes 2 and 5) or transgenic (lanes 3 and 6) for E2F1 were untreated or exposed to 100 mJ/cm 2 of UVB. Mice were killed 3 h post-treatment and Western blot analysis was performed using antip53 (S18) and anti-b-tubulin antisera on 50 mg of epidermal protein lysates. (d) Wild-type, E2f1 À/À , p53 À/À and E2f1 À/À p53 À/À double knockout mice were irradiated with the indicated doses of UVB and killed 24 h post-treatment. Dorsal skin sections were stained with hematoxylin and eosin and the number of SBC was counted in 10 mm of epidermis from four mice for each group E2F1 promotes repair of UV-induced DNA damage TR Berton et al increased levels ( Figure 3c ). As noted in a previous report (Russell et al., 2002) , phosphorylated p53 could also be detected in untreated K5 E2F1 transgenic epidermis, consistent with the low level of spontaneous apoptosis observed in these transgenic mice. Expression levels of the p53 target genes p21 and Bax were also similar in wild-type and E2f1 À/À mice following UVB irradiation (data not shown). These results demonstrate that suppression of UV-induced apoptosis by E2F1 does not involve an inhibition of p53 activation.
To further examine the role of p53 in E2F1-mediated regulation of UVB-induced apoptosis, E2f1 À/À mice were crossed with p53 À/À mice to generate double knockout mice lacking both E2F1 and p53. If the lack of E2F1 increased UVB-induced apoptosis by relieving inhibition of p53, then the additional absence of p53 should prevent the increased apoptosis in response to UVB in double knockout mice. In fact, if this model were correct, double knockout mice should have the impaired apoptotic response observed in p53 À/À mice. Surprisingly, E2f1
À/À double knockout mice were found to have the increased apoptotic response to UVB observed in E2f1 À/À mice and not the impaired apoptotic response observed in p53 À/À mice ( Figure 3d ). This finding suggests that an alteration in p53 activity in E2f1 À/À mice is not responsible for their increased apoptotic response to UVB. Moreover, this finding confirms a previous report by Wikonkal et al., which demonstrates inactivation of E2f1 can reverse the UV-induced apoptotic defect of p53 À/À mice (Wikonkal et al., 2003) .
E2F1 status does not affect activation of mitogenactivated protein kinase (MAPK) pathways or downregulation of Bcl-2 by UVB
In addition to activating p53, UVB radiation also promotes apoptosis through p53-independent mechanisms. For example, UV radiation stimulates members of the MAPK signaling pathway including the extracellular signal-regulated protein kinases (ERKs), p38 kinases and the stress-activated c-Jun N-terminal kinases (JNKs) (reviewed in Bode and Dong, 2003; Eckert et al., 2003) . Activation of these MAPKs has been shown to be necessary for efficient apoptosis induced by UV radiation (Bulavin et al., 1999; Tournier et al., 2000) . To determine whether an alteration in signaling through MAPKs might be responsible for the modulation of UVB-induced apoptosis by E2F1, the levels of JNK, ERK and p38 were determined by immunoblot analysis of epidermal whole-cell extracts. In addition, the phosphorylation status of JNK, ERK and p38 was examined as an indication of kinase activation using phospho-specific antisera. As expected, UVB irradiation induced the phosphorylation of JNK, ERK and p38 in mouse epidermis (Figure 4a ). The levels of total and phosphorylated JNK, ERK and p38 were similar among E2f1 À/À , wild-type and K5 E2F1 transgenic mice before and after UV irradiation.
It has also been demonstrated that the level of the antiapoptotic protein Bcl-2 is downregulated following UV exposure and that this contributes to UV-induced apoptosis (Isoherranen et al., 1999; Washio et al., 1999; Dunkern et al., 2001) . The Bcl-2 gene promoter has been shown to bind E2F1 and to be transcriptionally activated by E2F1 overexpression (Gomez-Manzano et al., 2001) . To determine if the status of E2F1 in our mouse models affected the expression of Bcl-2, Bcl-2 protein levels were examined in E2f1 À/À , wild-type and K5 E2F1 transgenic epidermis before and after UVB irradiation. Neither the absence nor the overexpression of E2F1 appreciably affected the levels of Bcl-2 in untreated mice. As expected, Bcl-2 levels were downregulated 24 h after UV exposure in wildtype mice and this occurred to similar levels in E2f1 À/À and K5 E2F1 transgenic mice (Figure 4b ). Taken together, these findings demonstrate that neither alterations in MAPK activation nor Bcl-2 downregulation are responsible for the suppression of UVB-induced apoptosis by E2F1. (lanes 1 and 4), wild-type (lanes 2 and 5), or K5 E2F1 transgenic (lanes 3 and 6) mice were untreated (lanes 1-3) or UVB irradiated with 100 mJ/cm 2 (lanes 3-6). UVB-irradiated mice were sacrificed 1 h post-treatment. Western blot analysis was performed on 40 mg of epidermal protein lysate and antisera specific for ERK, JNK, p38, phosho-ERK (p-ERK), phospho-SAPK/JNK (p-JNK), phospho-p38 (p-p38) and b-tubulin as indicated. (b) E2f1 À/À (lanes 1, 4 and 7), wild-type (lanes 2, 5 and 8), or K5 E2F1 transgenic (lanes 3, 6 and 9) mice were untreated (lanes 1-3) or UVB irradiated with 100 mJ/cm 2 (lanes 4-9). UVB-irradiated mice were killed 3 h (lanes 4-6) or 24 h (lanes 7-9) post-treatment. Western blot analysis was performed using 40 mg of epidermal protein lysate and anti-Bcl-2 or -b-tubulin antisera as indicated E2F1 promotes repair of UV-induced DNA damage TR Berton et al
E2F1 promotes the repair of UVB-induced DNA damage
In addition to regulating genes involved in proliferation and apoptosis, E2F1 has also been shown to regulate transcriptionally a number of genes encoding DNA Figure 5 Induction of (6-4)PD is similar in wild-type, E2f1
À/À and K5 E2F1 transgenic mouse epidermis. (a) Wild-type, E2f1
À/À and K5 E2F1 transgenic mice were UVB irradiated with 100 mJ/cm 2 and immediately killed. The number of (6-4)PD in epidermal DNA was determined by radioimmunoassay as described. (b) Skin sections were immunohistochemically stained with a mouse monoclonal antibody to (6-4)PD as described. The percentage of positive cells was counted in 5.0 mm of epidermis from three mice for each genotype À/À mice were irradiated with 100 mJ/cm 2 of UVB. Mice were killed and epidermal DNA was isolated at the indicated times after UVB irradiation. A radioimmunoassay was used to measure the amount of (6-4)PD in epidermal DNA samples as described. (b) Wild-type and K5 E2F1 transgenic mice were UVB irradiated and the amount of (6-4)PD in epidermal DNA samples was measured as in (a). The amounts of (6-4)PD in E2f1 À/À samples (a) and K5 E2F1 transgenic samples (b) were significantly different than wild-type samples (Po0.01) at most time points (indicated by *). The repair rate for the K5 E2F1 transgenic mice was also significantly different than wild-type mice (P ¼ 0.05) as determined by analysis of covariance. (c) Primary MAFs were isolated from wild-type and E2f1 À/À mice. MAFs were irradiated with 50 mJ/cm 2 of UVB and DNA was harvested at the indicated time points. A radioimmunoassay was used to measure the amount of (6-4)PD as above. (d) Wild-type and E2f1 À/À MAFs were UVB irradiated and DNA isolated as above. A radioimmunoassay was used to measure CPDs in MAF DNA samples at 0 and 24 h postirradiation.
E2F1 promotes repair of UV-induced DNA damage TR Berton et al repair factors (Wang et al., 1999; Polager et al., 2002; Ren et al., 2002) . Given that DNA damage is a major signal for UV-induced apoptosis, it is possible that the observed effects on apoptosis in E2f1 À/À and K5 E2F1 transgenic mice could be related to effects on DNA repair. This idea is supported by the finding that cells defective for NER are hypersensitive to UV-induced apoptosis (Washio et al., 1999; van Oosten et al., 2000; Brash et al., 2001; Dunkern et al., 2001) . To explore a possible connection between E2F1-and UV-induced DNA damage and repair, the levels of (6-4)PD in the epidermis of wild-type, E2f1 À/À and K5 E2F1 transgenic mice were examined following UVB irradiation. The initial amount of (6-4)PD following UVB irradiation was equivalent in the epidermis of wild-type, E2f1 À/À and K5 E2F1 transgenic mice as measured by a radioimmunoassay and by immunohistochemistry ( Figure 5 ).
To determine if E2F1 had an effect on the removal of UVB-induced DNA damage, the amount of (6-4)PD in the epidermis at various times after UVB exposure was measured by radioimmunoassay. Wild-type mice removed 50% of the (6-4)PD within 12 h after UVB exposure, whereas it took 24 h for E2f1 À/À mice to remove 50% of the DNA damage (Figure 6a) . Overall, mice lacking E2F1 had significantly more (6-4)PD remaining at 3, 6, 12 and 24 h post-UVB exposure compared to wild-type mice. On the other hand, K5 E2F1 transgenic mice demonstrated a significantly faster rate of photoproduct removal and had significantly less DNA damage than wild-type mice between 3 and 18 h after UVB exposure (Figure 6b ). Mouse adult fibroblasts (MAFs) isolated from E2f1 À/À mice were also found to be inefficient for the removal of (6-4)PDs as well as CPDs when compared to wild-type MAFs (Figure 6c and d) .
Since K5 E2F1 transgenic mice have an increase in the number of proliferating cells in the epidermis (Pierce et al., 1998a) , it is formally possible that a higher proliferation rate resulted in a dilution of the (6-4)PD and contributed to the increased rate of (6-4)PD loss in K5 E2F1 transgenic epidermis. To control for differences in proliferation being responsible for the apparent differences in DNA repair, incorporation of 5-bromo-2 0 -deoxyuridine (BrdU) was examined in epidermal keratinocytes following UVB irradiation. As observed previously (Berton et al., 2001) , UVB irradiation initially caused an inhibition of DNA synthesis in the epidermis of wild-type mice followed by an increase in the number of keratinocytes incorporating BrdU (Figure 7 ). The pattern of BrdU incorporation in UVB-treated E2f1 À/À mice was similar to the pattern observed in wild-type mice (Figure 7a ). Although K5 E2F1 transgenic mice had an increase in BrdU incorporation prior to UVB irradiation, they had similar levels of BrdU incorporation compared to wild-type mice between 3 and 6 h after UV treatment (Figure 7b ). At these earlier time points, there is already a significant difference between wild-type and K5 E2F1 transgenic mice in the amount of (6-4)PD in epidermal DNA. K5 E2F1 transgenic keratinocytes began DNA synthesis earlier after UVB exposure than wildtype keratinocytes, but by 24 h there were fewer cells proliferating in the K5 E2F1 transgenic epidermis compared to wild-type epidermis. These findings strongly indicate that a difference in proliferation among genotypes following UVB exposure is not responsible for the observed differences in the loss of the DNA photoproduct.
Discussion
E2F1 regulation of apoptosis
A number of studies have demonstrated that E2F1, but not other E2F family members, is stabilized in response E2F1 promotes repair of UV-induced DNA damage TR Berton et al to a wide variety of stress signals including DNA damage. Consistent with this, we found that E2F1 protein levels increased in mouse epidermis following exposure to physiological levels of UVB radiation. It has been suggested that this stabilization of E2F1 plays a role in promoting apoptosis in response to DNA damage. In support of this idea, T cells isolated from E2f1 null mice were found to be more resistant to etoposide treatment than wild-type T-cells (Lin et al., 2001) . In another study, E2f1 À/À fibroblasts were found to be less sensitive to the DNA-damaging drugs adriamycin and etoposide than wild-type fibroblasts (Meng et al., 1999) . In sharp contrast to those findings, we find that epidermal keratinocytes of E2f1 null mice are hypersensitive to UVB-induced apoptosis. Another report demonstrated that fibroblasts and keratinocytes isolated from E2f1 null mice also had an enhanced apoptotic response to IR compared to cells from wildtype mice (Wikonkal et al., 2003) . Inactivation of E2f1 has also been shown to either impair (Leone et al., 2001) or enhance apoptosis induced by Myc overexpression. Taken together, these findings suggest that the absence of E2F1 can either promote or suppress apoptosis dependent on the cell type and/or type of DNA damage.
Overexpression of E2F1 in the epidermis of K5 E2F1 transgenic mice causes a low level of aberrant apoptosis (Pierce et al., 1998b; Russell et al., 2002) . However, in response to relatively high, but still physiological levels of UVB radiation, transgenic overexpression of E2F1 suppresses epidermal apoptosis. This result further demonstrates that E2F1 can suppress UVB-induced apoptosis in the epidermis and provides yet another example of how E2F1 can have either pro-or antiapoptotic effects dependent on the experimental conditions.
A number of possible mechanisms have been explored to understand how E2F1 might suppress UVB-induced apoptosis. One possibility is that E2F1 suppresses the activation of p53 by UVB-induced DNA damage. However, p53 appears to be stabilized and phosphorylated normally in mouse epidermis lacking E2F1 following UVB irradiation. Moreover, mice null for both E2f1 and p53 exhibited the increased sensitivity to UVB-induced apoptosis observed in E2f1 À/À mice. This suggests that the antiapoptotic effect of E2F1 is independent of p53. The mechanism by which E2f1 inactivation reverses the apoptotic resistance of p53 knockout mice is unclear.
UV radiation also stimulates the activity of several MAP kinase family members and this has been shown to contribute to the UV apoptotic response (Tournier et al., 2000; Bode and Dong, 2003) . E2F1 does not appear to modulate this pathway since the levels and phosphorylation status of JNK, ERK or p38 were unaffected by either the absence or overexpression of E2F1. E2F1 status also did not affect the downregulation of Bcl-2 by UVB.
Like E2F1, p53 has also been shown to either stimulate or repress UV-induced apoptosis dependent on the experimental conditions. At low levels of UV or when p53 is induced several hours before UV irradiation, the presence of p53 can suppress apoptosis (McKay and Ljungman, 1999; McKay et al., 2000 McKay et al., , 2001 . It has been suggested that p53 protects against UV-induced apoptosis under these circumstances by promoting DNA repair and enhancing recovery of nascent mRNA synthesis following UV exposure (McKay and Ljungman, 1999; McKay et al., 2000 McKay et al., , 2001 . Several mechanisms have been suggested for the observed enhancement of DNA repair by p53. These include transcriptional upregulation of DNA repair factors such as DDB2 and XPC (Adimoolam and Ford, 2002; Amundson et al., 2002; Tan and Chu, 2002; Fitch et al., 2003) , recruitment of repair factors to sites of DNA damage through physical interaction with p53 (Wang et al., 2003) and the ability of p53 to function as a chromatin accessibility factor to allow access of repair factors to sites of damage (Rubbi and Milner, 2003) . Given that E2F1 can upregulate the expression of a number of DNA repair genes (Wang et al., 1999; Polager et al., 2002; Ren et al., 2002) and that E2F1 physically associates with several DNA repair factors (Hayes et al., 1998; Maser et al., 2001; Liu et al., 2003) , it is quite possible that like p53, the antiapoptotic effect of E2F1 is related to a stimulation of DNA repair.
E2F1 regulation of DNA repair
It is demonstrated here that compared to wild-type mice, mice lacking E2F1 are impaired for the removal of (6-4)PD, while mice overexpressing E2F1 in their epidermis have enhanced rates of (6-4)PD removal. These differences in the rate of removal of UVB-induced DNA damage cannot be explained by differences in keratinocyte proliferation or apoptosis in the different genotypes and thus strongly suggest that E2F1 status is modulating DNA repair. In fact, the increased apoptosis in E2f1 À/À mice following UVB irradiation may lead to an underestimation of the repair defect in these mice at the later time points because of the increased loss of cells with DNA damage. Likewise, the suppressed apoptosis in the K5 E2F1 transgenic mice may lead to an underestimation of the enhanced DNA repair activity in these mice.
The mechanism by which E2F1 stimulates NER is unclear. One possibility is that E2F1 regulates the expression of one or more rate-limiting factors involved in NER. E2F1 overexpression can transcriptionally activate several genes whose products have been implicated in the repair of UV-induced DNA damage, including DDB2, BRCA1 and MSH2 (Wang et al., 1999; Hartman and Ford, 2002; Meira et al., 2002; Polager et al., 2002; Ren et al., 2002; Takimoto et al., 2002; Nichols et al., 2003; Young et al., 2003) . To determine if inactivation of endogenous E2f1 would affect the expression of DNA repair genes, microarray gene expression analysis was performed using RNA isolated from the epidermis of wild-type and E2f1 À/À mice (data not shown). While a number of genes were found to be disregulated in E2f1 À/À mice compared to E2F1 promotes repair of UV-induced DNA damage TR Berton et al wild-type mice, before and after UV exposure, none of the disregulated genes could easily explain the DNA repair defect observed in E2f1 À/À mice. In addition to transcriptionally regulating DNA repair genes, E2F1 also physically associates with a number of DNA repair proteins including DDB2, NBS1 and TopBP1 (Hayes et al., 1998; Maser et al., 2001; Liu et al., 2003) . E2F1 has also been shown to colocalize with BRCA1 in foci that are presumptive sites of DNA repair . This suggests that E2F1 could directly participate in the repair of some forms of DNA damage. Future experiments will focus on identifying how E2F1 promotes NER and perhaps other DNA repair pathways.
Implications for E2F1 in cancer
Another issue that needs to be addressed is the role of E2F1 in UV-induced mutagenesis and carcinogenesis. Preliminary results using relatively high doses of UVB suggested no difference between wild-type and E2f1 À/À mice in tumor latency or multiplicity (data not shown). It may be that under the experimental conditions used, the increased sensitivity to apoptosis offset the inefficient DNA repair of E2f1 À/À mice. On the other hand, K5 E2F1 transgenic mice have an enhanced response to UV carcinogenesis (Berton and Johnson, unpublished data) . In this case, the oncogenic effect of E2F1 overexpression likely overwhelms any protective effect due to enhanced DNA repair. Nonetheless, it is quite possible that E2F1's function in stimulating DNA repair, whether indirect or direct, impacts the development of cancer. E2f1 À/À mice are predisposed to developing a variety of spontaneous tumors including lymphomas and reproductive tract sarcomas (Yamasaki et al., 1996) . Inactivation of E2f1 has also been shown to enhance tumorigenesis in transgenic mice overexpressing Myc in some epithelial tissues . It has previously been assumed that E2F1's tumor suppressive activity was related to its ability to promote apoptosis. However, recent studies suggest that apoptosis is not the mechanism by which E2F1 functions to suppress tumor development (Ziebold et al., 2001; Rounbehler et al., 2002) . If this is correct, then a reduction in DNA repair efficiency may account for the cancer predisposition of E2f1 À/À mice. (Mitchell et al., 1999) . According to the manufacturer's specifications, the broadband range for the UV lamps is between 280 and 400 nm, with 80% of the light in the UVB region, and 20% in the UVA region, with a peak wavelength at 297 nm. The UV light is filtered by transparent plastic that covers the mice in the irradiation chamber to block all UVC wavelengths. The fluence was measured on a rotating platform 20 cm from the dorsal surface of the mice with an IL-1400A Radiometer/Photometer coupled to a SEL 240/UV-B-1/TD detector containing a 280 nm Sharp Cutoff Filter (International Light, Newburyport, MA, USA). The minimal erythemal dose is 200 mJ/cm 2 , which is sufficient to induce DNA damage (Berton et al., 1997) . For the time-course experiments, three mice of each genotype and for each time point were UVB-irradiated with 100 mJ/cm 2 . For dosing experiments, three to four mice of each genotype were UVB-irradiated with increasing doses from 25 to 150 mJ/cm 2 .
Materials and methods
Animals and UV radiation treatments
Antibodies and materials
Rabbit polyclonal anti-human/mouse activated caspase3 (AF-835) was purchased from R&D Systems (Minneapolis, MN, USA). Rabbit polyclonal anti-Bcl-2 (DC21), rabbit polyclonal anti-E2F1 (C20), rabbit polyclonal anti-ERK (K23), mouse monoclonal anti-phospho-ERK (E4), rabbit polyclonal anti-JNK (FL), mouse monoclonal anti-phospho-JNK (G7) and rabbit polyclonal anti-b-tubulin (H235) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit polyclonal anit-p53 (NCL-p53-CM5) was purchased from Novacastra Laboratories (Newcastle, UK) and the rabbit polyclonal anti-phospho-p53 (S15) (#9284), rabbit polyclonal anti-p38 (#9212) and rabbit polyclonal anti-phospho-p38(Thr180/Tyr182) (#9211) were purchased from Cell Signaling Technology (Beverly, MA, USA). Mouse monoclonal anti-BrdU antibody (#347580) was purchased from Becton Dickinson (San Jose, CA, USA). Rabbit polyclonal (6-4)PD and CPD primary antiserum was made at the The University of Texas MD Anderson Cancer Center, Science Park-Veterinary Division, Bastrop, TX, USA and the mouse monoclonal anti-(6-4)PD antibody was purchased from Kamiya Biomedical Co. (Seattle, WA, USA). BrdU was purchased from Sigma (St Louis, MO, USA).
Apoptosis and cell cycle determination in mouse epidermis
For cell death assays, mice were killed 24 h after UVBirradiation and the dorsal skin was removed and fixed in 10% neutral-buffered formalin. Paraffin-embedded skin sections were stained with hematoxylin and eosin and the number of SBC was counted in 10 mm of epidermis from four mice (Brash et al., 1991; Wikonkal et al., 2003) . Similarly, paraffinembedded skin sections were immunohistochemically stained for activated caspase-3 as described previously (Russell et al., 2002) . Briefly, slides were incubated with 1 : 500 dilution of activated caspase-3 rabbit-anti-human/mouse antibody in 2.0% BSA/PBS for 30 min. Slides were counter-stained in hematoxylin and the number of positive cells was counted in 10 mm of epidermis from each mouse. For S phase E2F1 promotes repair of UV-induced DNA damage TR Berton et al determination, mice were injected with 170 ml of 20mM solution of BrdU 30 min prior to killing. Paraffin-embedded skin sections were stained for BrdU as described previously (Pierce et al., 1998a, b) . Slides were incubated with 1 : 50 dilution of anti-BrdU antibody in PBS/0.5% BSA for 30 min. The number of BrdU-positive cells was counted in 10 mm of epidermis from each mouse.
P53 and DNA photoproduct immunohistochemistry
Mice were killed after UVB-irradiation and the dorsal skin was removed and fixed in 10% neutral-buffered formalin, or 70% ethanol for detection of (6-4)PD. For detection of p53 and phosphorylated p53, tissue sections were deparaffinized and then boiled in 10 mM citrate buffer (pH 6.0) for 10 min for antigen retrieval. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in water for 10 min. Tissue sections were washed with water and preincubated with normal goat serum for 30 min before the addition of the primary antibody. Slides were incubated for 2 h with either a rabbit anti-p53 (1 : 500) or rabbit anit-phospho-p53(S18) antibody (1 : 100). Sections were rinsed with PBS, incubated with biotinylated anti-rabbit IgG for 30 min and developed with streptavidin-horseradish peroxidase conjugate and diaminobenzidine (DAB) substrate. p53 and phospho-p53(S18) positive epidermal cells were counted along 10 mm of epidermis. For detection of (6-4)PD, tissues sections were deparaffinized, rehydrated, and endogenous peroxidase activity was blocked with 3% hydrogen peroxide in water for 10 min. Tissue sections were denatured in 0.1 N NaOH/70% ETOH for 3 min at RT, then dehydrated for 1 min in 70, 90, and 100% ethanol. Tissue sections were treated with proteinase K (10 mg/ml) in PBS for 10 min at 371C, then pre-incubated with 10% horse serum in PBS for 30 min at RT. The slides were incubated with primary mouse monoclonal (6-4)PD antibody (1 : 500) in PBS overnight at 41C. The slides were rinsed with PBS and developed with streptavidin-horseradish peroxidase conjugate and DAB substrate.
Western blotting
Crude epidermal whole-cell lysate was collected as described previously (Berton et al., 1998 (Berton et al., , 2001 , where the dorsal skin was removed and the epidermis was scraped onto a glass plate on ice. This method has been shown to be effective in removing the epidermis and leaving the dermis and fat pad (RodriguezPuebla et al., 1998) . Epidermal keratinocytes were lysed in NP-40 buffer (50 mM Tris (hydroxymethyl)-aminomethane and 150 mM NaCl, 1.0% NP-40, 0.25% sodium deoxycholate) pH 7.5, containing 1.0 mM sodium fluoride, 0.1 mM sodium vanadate, 2.0 mM phenylmethylsulfonyl fluoride, 1.0 mg/ml of leupeptin, aprotinin and pepstatin, and 1 Â phosphatase inhibitors, and the lysates aliquoted and snap-frozen in liquid nitrogen. Epidermal lysates were quantitated by the BCA-protein assay (Pierce, Rockford, IL, USA) . The protein lysates (20-75 mg) were electrophoresed through a 7.5 to 15% SDS-polyacrylamide gel and transferred to Hybond-P polyvinyldiene diflouride (PVDF) nylon membrane (Amersham, Piscataway, NJ, USA) by wet transfer. Equivalent protein loading was assessed by immunoblotting against b-tubulin. Nonspecific binding was blocked with 5.0% nonfat dry milk or 5.0% BSA in 0.1% Tween-20 (Sigma) in Tris-buffered saline (TBS-T) for 30 min at RT. The membranes were incubated with antibodies or antisera specific for the following proteins: E2F1 (1 : 1000), ERK (1 : 1000), JNK (1 : 1000), p38 (1 : 500), Bcl-2 (1 : 200) and b-tubulin (1 : 2000) in 5.0% nonfat dry milk in 0.1% TBS-T for 1 to 2.5 h at RT, or phospho-ERK (1 : 1000), phospho-JNK (1 : 1000), phospho-p38 (1 : 500) and phospho-p53(S18) (1 : 500) diluted in 5.0% BSA in 0.1% TBS-T for 2 h at RT or overnight at 41C. After washing, the membrane was incubated for 1 h at RT with a secondary donkey anti-rabbit horseradish peroxidase antibody (Amersham Corp.) at a 1 : 4000 dilution or secondary goat anti-mouse horseradish peroxidase antibody (Santa Cruz) at a 1 : 3000 dilution in 5.0% nonfat dry milk in 0.1% TBS-T. The membrane was incubated with a chemiluminescence detection kit according the manufacture's directions (ECL kit, Amersham Pharmacia, Piscataway, NJ, USA).
DNA repair and radioimmunoassay
Epidermal DNA was extracted by phenol:choloroform:isoamyl alcohol method and precipitated with 0.1 volume NH 4 OAc and 1 volume isopropanol overnight at À201C. The number of photoproducts in epidermal DNA was determined by a radioimmunoassay as described previously (Mitchell et al., 1999) . Briefly, the (6-4)PD antisera were raised against DNA that was irradiated with 100 kJ/m 2 UVC radiation (254 nm) to induce (6-4)PDs and CPDs. For the radioimmunoassay, ssDNA (2-6 mg) was incubated with 5-10 pg of poly(deoxyadenylate-deoxythymidylic acid) (labeled to >5 Â 10 8 c.p.m./mg by nick translation with [a-32 P]d-TTP) in a total volume of 1 ml 10 mM Tris (pH 7.8), 150 mM NaCl, 1 mM EDTA and 0.15% gelatin. Antisera were added at a dilution that yields 30-60% binding to labeled ligand, incubated at 41C overnight, the immune complex was precipitated with goat anti-rabbit IgG (CalBiochem, La Jolla, CA, USA) and carrier serum from nonimmunized rabbits. The immune complex was pelleted at 3500 r.p.m. at 41C for 45 min and then solubilized for 15 min on a rotator at 371C. Sample inhibition is extrapolated through a standard curve to determine the number of photoproducts in 10 6 bases (6-4)PDs/Mb or CPDs/Mb. For the standard, double-stranded salmon testes DNA was irradiated with increasing doses of UVC radiation and heat denatured. The percent inhibition of bound 32 P from sample DNA was compared to control UVirradiated salmon testes DNA to determine the quantity of photoproducts.
Statistical analysis
Statistical analysis was performed either by analysis of variance or analysis of covariance (confidence interval ¼ 0.01) where indicated (Statistical Programs for Social Sciences, Chicago, IL, USA).
